We have functionally and structurally defined an essential protein phosphorelay that regulates expression of genes required for growth, division, and intracellular survival of the global zoonotic pathogen Brucella abortus. Our study delineates phosphoryl transfer through this molecular pathway, which initiates from the sensor kinase CckA and proceeds through the ChpT phosphotransferase to two regulatory substrates: CtrA and CpdR. Genetic perturbation of this system results in defects in cell growth and division site selection, and a specific viability deficit inside human phagocytic cells. Thus, proper control of B. abortus division site polarity is necessary for survival in the intracellular niche. We further define the structural foundations of signaling from the central phosphotransferase, ChpT, to its response regulator substrate, CtrA, and provide evidence that there are at least two modes of interaction between ChpT and CtrA, only one of which is competent to catalyze phosphoryltransfer. The structure and dynamics of the active site on each side of the ChpT homodimer are distinct, supporting a model in which quaternary structure of the 2:2 ChpT-CtrA complex enforces an asymmetric mechanism of phosphoryl transfer between ChpT and CtrA. Our study provides mechanistic understanding, from the cellular to the atomic scale, of a conserved transcriptional regulatory system that controls the cellular and infection biology of B. abortus. More generally, our results provide insight into the structural basis of two-component signal transduction, which is broadly conserved in bacteria, plants, and fungi.
histidine on ChpT. ChpT∼P subsequently transfers phosphoryl groups to either CpdR or CtrA (8) . CtrA is a regulator of cell cycle and developmental gene transcription; its activity is controlled by phosphorylation and by proteolysis. Specifically, CtrA is active as a transcription factor when phosphorylated (CtrA∼P); CtrA protein is stabilized in the cell by CpdR∼P and is proteolyzed when CpdR is in its unphosphorylated form (9) . Thus, ChpT regulates CtrAdependent transcription both by phosphorylating CtrA and controlling CtrA protein stability via CpdR.
The genes encoding the CckA-ChpT-CtrA-CpdR regulatory system have been identified in several α-proteobacteria. However, there is notable diversity in the transcriptional output of this system across the clade (10) (11) (12) (13) , which likely reflects the breadth of niches inhabited by these species (14) . The function of this system in Brucella abortus, which is capable of infecting, growing, and replicating inside mammalian cells, is poorly understood, although previous studies of Brucella CtrA have revealed a possible role in the control of cell division (15) . It is further known that genetic perturbation of the DNA methyltransferase CcrM, which is directly regulated by CtrA, results in a virulence defect (16) .
In this study, we define the full set of genes encoding the B. abortus CckA-ChpT-CtrA-CpdR phosphorelay and characterize molecular and structural requirements of signaling through this conserved pathway. These four proteins comprise an essential phosphorelay that controls B. abortus cell growth, division, and infection biology. Expression of conditional mutant alleles of these Significance Brucella abortus is an intracellular bacterial pathogen that inflicts a significant health burden on both humans and their livestock on a global scale. We demonstrate that an essential regulatory system controls the growth and morphology of B. abortus, and that this system is required for survival inside mammalian host cells. Using experimental and computational tools of structural biology, we further define how the protein components of this regulatory pathway interact at the atomic scale. Our results provide evidence for multiple, asymmetric modes of binding between essential pathway proteins that control transcription. The multimodal molecular interactions we observe provide evidence for new layers of allosteric control of this conserved gene regulatory system.
genes results in defects in growth and division site selection, yielding cells with branched morphology and altered DNA content. Although genetic perturbation of this pathway has no effect on cell survival in vitro, or entry during a macrophage infection, pathway mutants exhibit significantly reduced survival inside human cells. These data support a model in which the CckA-ChpT-CtrA-CpdR proteins constitute a regulatory system that controls B. abortus cell development and intracellular survival. We have further extended our functional analysis of this regulatory system to the molecular scale and determined the structures of B. abortus ChpT to 1.7-Å resolution and ChpT bound to the receiver domain of CtrA (ChpT-CtrA REC ) to 2.7-Å resolution. The ChpT structure reveals a symmetrical homodimer with an HK-like fold. Unlike classic HKs, ChpT does not bind ATP but efficiently and specifically transfers phosphoryl groups from the CckA kinase to the receiver domains of both CtrA and CpdR. The ChpT-CtrA REC crystal structure reveals an asymmetric protein complex that defines a phosphotransferase-receiver interface in molecular detail and provides insight into the mechanism by which ChpT regulates CtrA activity. Our study illuminates, on multiple scales, mechanisms by which a conserved signaling pathway controls the developmental and infection biology of a bacterial intracellular pathogen.
Results

B. abortus
CckA-ChpT-CtrA-CpdR Constitute a Specific Phosphorelay.
We used sequence-based approaches via the MiST2 database (17) to identify putative orthologs of CckA, ChpT, CtrA, and CpdR in B. abortus. Amino acid sequence identity of the putative CckA (Bab1_1059; 65%), ChpT (Bab1_1613; 36%), CtrA (Bab1_1614; 81%), and CpdR (Bab2_0042; 74%) proteins to the C. crescentus orthologs (Fig. S1 ) suggested that B. abortus encodes a fully intact CckA-ChpT-CtrA-CpdR phosphorelay. However, overall sequence identity of B. abortus Bab1_1613 to bona fide ChpT proteins of other α-proteobacteria was low and did not clearly distinguish Bab1_1613 as a ChpT ortholog. To test our prediction that these four genes constitute a unified signaling pathway in B. abortus, we expressed and purified each of these proteins. B. abortus CckA (Bab1_1059) is predicted to contain a transmembrane domain at its N terminus, so we generated a construct to express a soluble CckA fragment (amino acids 554-946) that contains only the HK and C-terminal receiver (REC) domains. This truncated CckA yielded an active kinase capable of autophosphorylation in the presence of excess ATP ( Fig. 2A) . Half-maximal autophosphorylation was observed within 5 min; signal for phospho-CckA (CckA∼P) saturated within 30 min ( Fig. 2A ) and is consistent with the autophosphorylation profile of other bacterial HKs (18) (19) (20) .
To test whether B. abortus CckA∼P transfers a phosphoryl group to the predicted ChpT protein (Bab1_1613), we incubated CckA∼P with ChpT for periods of 1-30 min. A clear ChpT∼P band appeared within 1 min (Fig. 2B) . The in vitro phosphotransfer kinetics provides evidence that CckA and ChpT form a cognate signaling interaction in vivo (21) . We next sought to identify other possible phosphorylation substrates of CckA∼P using the approach known as phosphotransfer profiling (22) . Because REC domains are the preferred substrates for bacterial HKs (23), we generated constructs to express the soluble REC domains from each of the 23 response regulator proteins encoded within the B. abortus genome. Incubation of CckA∼P with each REC domain for 15 s showed no evidence of phosphotransfer (Fig. 2C) . However, the addition of ChpT to each of these 23 phosphotransfer reactions resulted in rapid phosphorylation of two substrates: CpdR and CtrA. We conclude that phosphotransfer from B. abortus CckA to the REC domains of CpdR and CtrA is specific and requires the ChpT protein. Our results provide biochemical support for our prediction that these B. abortus genes constitute a bona fide regulatory phosphorelay, and that this gene set is orthologous to Fig. 1 . Model of the CckA-ChpT-CtrA-CpdR phosphorelay. The HK CckA (green) autophosphorylates on a conserved His (H) residue and transfers a phosphoryl group to a conserved Asp (D) residue on its C-terminal REC domain. CckA∼P transfers phosphoryl groups to the ChpT phosphotransferase (blue), which can subsequently transfer phosphoryl groups to the REC domains of CtrA (red) and CpdR (yellow). CtrA∼P is a DNA-binding response regulator that modulates transcription of genes controlling cell polarity, division, and intracellular survival in mammalian macrophages. CpdR controls steady-state levels of CtrA in the B. abortus cell. the cckA-chpT-cpdR-ctrA systems defined in related α-proteobacteria (8, 22) .
Genes Encoding CckA-ChpT-CtrA-CpdR Phosphorelay Control B. abortus Cell Division. To investigate the function of the CckA-ChpT-CtrACpdR phosphorelay in vivo we attempted to delete these genes from their chromosomal loci in B. abortus. We were unable to delete or disrupt cckA, chpT, or ctrA, but were able to generate a strain harboring a chromosomal in-frame deletion of cpdR. We could only delete the chromosomal copies of chpT or cckA when expressing a complementing copy of these genes in trans from their native promoters (Table S1 ). Because CckA and ChpT are required to phosphorylate CtrA in vitro (Fig. 2) , our inability to delete these genes in the absence of a complementing copy is consistent with previous reports that CtrA is essential in B. abortus (15) and several other α-proteobacteria (24) (25) (26) (27) . Thus, our data provide evidence that the CckA-ChpT-CtrA phosphorelay is essential in B. abortus. To further test the effects of phosphorelay perturbation on B. abortus biology we generated strains encoding conditional alleles of these genes, which we discuss below.
We first constructed a B. abortus strain in which the WT copy of ctrA was replaced with the ctrA(V148F) allele, a known temperature-sensitive allele of C. crescentus ctrA (28) . We reasoned this analogous substitution in B. abortus CtrA would confer a similar temperature-sensitive phenotype given the high sequence similarity between these proteins (81%) (Fig. S1) . Indeed, B. abortus expressing ctrA(V148F) from the native ctrA locus displays no growth defect at 30°C but fails to replicate when grown at 37°C (see Fig. 4D ). Because we could not generate a B. abortus chpT null mutant, we sought to disrupt signaling through the CckA-ChpTCtrA-CpdR pathway by transforming B. abortus with an inducible chpT overexpression plasmid (chpT ++ ], which we expressed from a lac-inducible promoter on a replicating plasmid.
To assess the effects of expressing these conditional alleles, we cultured WT and mutant B. abortus strains to midlogarithmic phase and analyzed cell morphology by cryo-electron microscopy (cryoEM) and light microscopy (LM). WT B. abortus cells grown to log phase in complex medium clearly occupied multiple stages of the cell cycle and exhibited hallmarks of cell growth and division described for the order Rhizobiales of α-proteobacteria (30) . Specifically, predivisional B. abortus cells exhibit features of polar cell growth in which a narrower, rod-shaped cell emerges from the pole of a wider, rounder cell (Fig. 3A) . In contrast, ctrA (V148F) mutant cells cultured for either 4 or 24 h at the nonpermissive temperature (37°C) were abnormally elongated; by 24 h we observed defects in cell divison, with apparent budding from the midcell position (Fig. 3 E and F and Fig. S2A ). CtrA (V148F) protein is still present in the cell after growth at 37°C for 24 h, although at slightly decreased levels (Fig. 3B) . Induction of chpT expression (chpT ++ ) by the addition of isopropyl β-D-1-thiogalactopyranoside (IPTG) for 4 and 24 h increased the proportion of elongated cells; we further observed the presence of minicells in these cultures ( Fig. 3 E and F and Fig. S2B ).
Finally, we measured the effects of cpdR allele expression on B. abortus cell morphology and on steady-state CtrA levels. Because unphosphorylated CpdR activates proteolysis of CtrA in C. crescentus (29), we tested whether unphosphorylated CpdR affects steady-state levels of CtrA in B. abortus. After inducing cpdR (WT) ++ or cpdR(D52A) ++ expression with IPTG for 24 h, we observed a significant reduction in CtrA protein in the strain expressing cpdR(D52A) ++ , which is missing the site of aspartyl phosphorylation. Expression of cpdR(WT)
++ had no effect on steady-state CtrA levels assessed by Western blot (Fig. 3B ). This result is consistent with a model in which unphosphorylated CpdR destabilizes CtrA in B. abortus. We further analyzed cpdR(WT) ++ and cpdR(D52A)
++ overexpression strains by cryoEM and LM and observed large elongated cells with apparent budding at the midcell after 4 h of cpdR(D52A)
++ induction (Fig. 3E) ; after 24 h of induction we observed large B. abortus cells that were highly branched, which is consistent with a defect in proper cell division ( Fig. 3F and Fig. S2 ). Overexpression of cpdR(WT)
++ or deletion of cpdR (ΔcpdR) did not result in a gross defect in cell morphology (Fig. 3 ).
CryoEM and LM images of a small number of cells provide evidence that perturbation of the CckA-ChpT-CtrA-CpdR pathway affects cell growth and division. We next imaged a large number of fixed WT and mutant B. abortus cells, extracted the 2D cell contours, and analyzed these cell contours to determine 2D cell area (31) . This analysis permitted us to more thoroughly quantify variation in cell area across all strains. After 24 h of growth at 37°C in complex medium (adding IPTG where applicable) the mean cell area of WT B. abortus was 0.67 ± 0.19 μm ) strains exhibited less increase in cell area relative to WT but were still significantly larger than WT (P < 0.001). We further tested whether the DNA content of these mutant strains differed from WT B. abortus by staining DNA with propidium iodide and analyzing DNA content using flow cytometry. The ctrA(V148F), chpT ++ , and cpdR(D52A) ++ strains all have highly increased DNA content relative to WT (Fig. 3D) , consistent with the gross cell division defects of these mutants.
To assess the impact that CckA-ChpT-CtrA-CpdR pathway perturbation has on CtrA-dependent transcription, we quantified transcript levels of the CtrA-regulated gene ccrM (15), by quantitative reverse-transcription PCR (qRT-PCR). After 4 h of growth at the nonpermissive temperature or addition of IPTG, ctrA (V148F), chpT ++ , and cpdR(D52A)
++ strains have significantly decreased ccrM transcript abundance compared with WT B. abortus or an empty vector control (Fig. S3) . We conclude that these genetic perturbations reduce CtrA-dependent transcription in B. abortus. Overall, our data support a model in which phosphorelay through the CckA-ChpT-CtrA-CpdR pathway regulates B. abortus processes that determine cell growth, cell cycle, and cell division via control of CtrA-dependent transcription.
The CckA-ChpT-CtrA-CpdR Pathway Is Required for Intracellular Survival of B. abortus in Human Macrophages. A natural niche of B. abortus is the interior of mammalian cells. We assessed the effect CckAChpT-CtrA-CpdR pathway perturbation has on entry, replication, and survival inside terminally differentiated THP-1 macrophages. Before infection, overnight cultures of WT and conditional B. abortus mutant strains were grown under noninducing conditions in rich medium. Conditional alleles were then activated/induced by culturing for 4 h at 37°C with IPTG (where indicated) before infecting macrophages. WT and mutant B. abortus cells were added to THP-1 cells at a multiplicity of infection (MOI) of 100 cfu per macrophage. The initial 1 h post infection (hpi) time point in these experiments generally reflects B. abortus entry. No statistically significant differences were observed at this time point, indicating there is no defect in macrophage entry of any mutant strain (Fig. 4  A-C) . In contrast, there is a significant reduction in intracellular B. abortus replication and/or survival in the ctrA(V148F), chpT ++ , and cpdR(D52A)
++ strains relative to WT and uninduced controls at 48 hpi. The number of ctrA(V148F) cells isolated from THP-1 (at 37°C) is ∼1 log lower at 24 hpi and 3.5 logs lower than WT B. abortus at 48 hpi (Fig. 4A) . ctrA(V148F) infections performed at the permissive temperature (30°C) revealed no significant decrease in cfu at 48 hpi compared with WT cultured under equivalent conditions. Overexpression of chpT ++ resulted in a 1.0 log decrease in the number of cells recovered from THP-1 compared with uninduced and empty vector controls at 48 hpi (Fig. 4B) . The most severe intracellular defect was observed in the strain overexpressing cpdR(D52A) ++ : We observed a 1.5 log decrease in cells recovered from THP-1 at 24 hpi and a 3.5 log reduction of recovered cells at 48 hpi relative to the uninduced control. There was no difference in recovery of B. abortus expressing cpdR(WT)
++ or the ΔcpdR inframe deletion strain relative to WT (Fig. 4) .
We next tested whether mutant attenuation observed in macrophages is due to a general loss of B. abortus viability, or whether CckA-ChpT-CtrA-CpdR pathway perturbation results in a replication/survival defect that is specific to the intracellular niche. We first cultured B. abortus ctrA(V148F), chpT ++ , and cpdR (D52A) ++ conditional mutants under noninducing conditions in liquid growth medium for 8 h, enumerating bacteria over this growth period. At 8 h (or 1 × 10 7 cfu/mL) we shifted to the restrictive temperature (37°C) and induced expression of conditional alleles with IPTG; we chose to shift cells at this point because this was the approximate density of cells used for macrophage infections. We enumerated cfu of these induced/activated B. abortus mutants at similar time points assayed in our THP-1 macrophage infection experiments (ref. 24, 48 h). Upon induction/activation, the ctrA(V148F) and cpdR(D52A) ++ mutants were completely inhibited in replication whereas the chpT ++ mutant replicated, but at a lower rate than WT. In contrast to what we observed in macrophages, neither the ctrA(V148F), chpT ++ , nor cpdR(D52A) ++ strains lost viability under these conditions (over 48 h) (Fig. 4D) . We conclude the reduced numbers of ctrA(V148F), chpT ++ , and cpdR(D52A) ++ cells recovered from THP-1 reflects a specific requirement for the CckA-ChpT-CtrA-CpdR pathway for survival inside macrophages. We further conclude that this signaling pathway does not generally control features of the cell required for B. abortus entry into mammalian macrophages.
ChpT: A Histidine Phosphotransferase with an HK-Like Structure.
Having established the importance of the CckA-ChpT-CtrACpdR system in B. abortus cellular and infection biology, we next sought to characterize the structural basis of phosphotransfer through this conserved pathway. To this end, we purified, crystallized, and solved the structure of the ChpT phosphotransferase (PDB ID code 4QPK). ChpT formed tetragonal crystals of space group P4 3 (a = b = 70.84, c = 87.01 Å) that diffracted to 1.7-Å resolution; we phased the ChpT crystal structure by molecular replacement using a model based on structures of a C. crescentus homolog (32, 33) . B. abortus ChpT was refined to R work = 0.164 and R free = 0.188. Crystallographic data and refinement statistics are summarized in Table S2 .
The crystallographic asymmetric unit contains two ChpT molecules, organized as a symmetric dimer. The structure is similar to HKs (34-36) and other histidine phosphotransfer (Hpt) proteins (32, 33, 37) . Each ChpT monomer is composed of an N-terminal dimerization and histidine phosphotransfer (DHp) domain and a C-terminal domain that is structurally similar to the catalytic and ATP-binding (CA) domain found in HKs. A least-squares fit of the two monomers to each other shows that they are highly similar (rmsd = 0.33 Å on Cα). Within the structure, the DHp domains from each monomer dimerize to form a four-helix bundle (Fig. 5A) . Small angle X-ray scattering (SAXS) data collected on ChpT in solution revealed a particle with radius of gyration (R g ) of 26.4 ± 0.4 Å at 15 μM concentration (Fig. S4A) ; this is consistent with R g calculated (38) from the ChpT crystal structure (24.0 Å), providing evidence that ChpT is also a dimer in solution.
Although ChpT has strong similarity to classic HKs at the level of tertiary and quaternary structure, the pseudo-CA domain lacks regions required for ATP binding including the D-box, F-Box, and G-Box; ChpT also has a truncated ATP lid (Fig. S1C) . ChpT retains the conserved N-box, which is known to bind a divalent cation (39), but we do not observe electron density consistent with ions or solvent in this region of the structure. Isothermal titration calorimetry (ITC) experiments demonstrate that ChpT, unlike multiple classes of HKs (40, 41) , is unable to bind ATP (Fig. S4B) . Based on these data, we conclude that B. abortus ChpT is unable to catalyze ATP hydrolysis and functions solely as a phosphotransferase (Fig. 2) .
Structural Asymmetry in the ChpT-CtrA Signaling Complex. We have demonstrated that B. abortus ChpT is the central phosphotransferase in a pathway that begins with CckA∼P and terminates at the receiver domains of CtrA and CpdR (Fig. 2) . To further define the molecular basis of signaling through the CckA-ChpTCtrA-CpdR system, we solved the structure of ChpT bound to the receiver domain of CtrA (CtrA REC ) (PDB ID code 4QPJ). Both ChpT and CtrA REC were purified separately and combined at an equimolar ratio before screening for crystals. The complex formed crystals of space group P3 2 21 (cell dimensions a = 124.95, b = c = 136.33 Å) that diffracted to 2.7-Å resolution. We solved the structure of the ChpT-CtrA REC complex by molecular replacement using the ChpT structure as a search model; the solution provided sufficient phase information to build models for the bound CtrA REC domains. The structure was refined to R work = 0.175 and R free = 0.222; all crystallographic data are summarized in Table S2 .
The structure reveals two unphosphorylated CtrA REC monomers positioned against opposing DHp domains of the ChpT dimer, forming a 2:2 complex (ChpT 2 -CtrA 2 ) (Fig. 5B) . We hereafter annotate the two phosphotransferase monomers as ChpT(A) and ChpT(B); the two REC domains are annotated CtrA(C) and CtrA(D). The overall structure of ChpT in complex with CtrA REC is largely unchanged relative to the isolated structure of ChpT (rmsd of 0.62 Å on Cα). This stands in contrast to Thermotoga maritima HK853, which undergoes a large conformational change about the DHp-CA domain linker upon binding to its receiver substrate RR468 (42) . Unlike HK853 bound to RR468, or Spo0B phosphotransferase bound to Spo0F (43), the complex is not fully symmetrical. Notably, the side-chain orientation of the ChpT phosphorylation sites (H22) show marked asymmetry between ChpT(A) and ChpT(B). In ChpT(A), the eN atom of H22 is positioned 5.9 Å away and is aligned with the δO atom of CtrA(C) phosphoacceptor residue D51 (Fig. 5C ). This measured distance is consistent with defined His-Asp (eN-δO) distances in the Spo0B-Spo0F (43) and the YPD1-SLN1 (44) phosphotransfer complexes and is ∼2 Å shorter than the corresponding eN-δO distances in the unmodified HK853-RR468 complex (42) . In terms of His-Asp distance, ChpT(A) thus seems poised for facile phosphotransfer to CtrA(C) without the need for significant conformational change in either ChpT or CtrA. On the opposing side of the ChpT dimer, the side chains of ChpT(B) H22 and CtrA(D) D51 are in different conformations (Fig. 5C ): The eN atom of H22 is positioned >12 Å away and is not aligned with the D51 δO atom of CtrA(D). This half of the ChpT-CtrA complex is therefore not competent to catalyze His-Asp phosphotransfer without a significant change in protein conformation. Overall, the absence of large-scale conformational change in ChpT upon receiver binding provides evidence that the structural mechanism of phosphotransfer from ChpT to its substrates is distinct from HK-receiver phosphotransfer defined in the T. maritima HK853-RR468 system, because large structural changes are observed in HK853 upon RR468 binding. ChpT H22 and CtrA D51 asymmetry, as it may relate to phosphotransfer, is discussed in a later section of this manuscript.
An analysis of the CtrA structure across each half of the ChpT dimer reveals additional asymmetric features of the signaling complex. Both CtrA molecules retain the standard αβα sandwich fold observed in other REC domain structures (23) . However, an alignment of CtrA(C) to CtrA(D) revealed a higher Cα rmsd (1.6 Å) than observed in ChpT(A)-ChpT(B) alignments. Approximately half the intermolecular interactions within the ChpT-CtrA complex occur through the α1 helix of ChpT and the β1-α1, β3-α3, and β5-α5 loops of CtrA; these contacts are consistent with known HK-REC interfaces (45) . Five ChpT residues that interact with CtrA (N33, E36, E40, K96, and H177) are observed on each half of the dimer, but there are significant differences in how CtrA(C) and CtrA(D) contact ChpT. In particular, a set of hydrogen bonds between E34 of CtrA(D) helix α2 and residues R129, R153, and H177 of ChpT(B) are unique to that interface (Fig. 5C ). There is clear asymmetry in the ChpT-CtrA contact surface on either side of the complex: Contact between ChpT(A) and CtrA(C) is more extensive than ChpT(B) and CtrA(D) (935 Å 2 versus 829 Å 2 buried surface area). These structural data predict that the phosphotransfer "competent" half of the complex [i.e., ChpT(A) to CtrA(C)] may form a higher-affinity interface than ChpT(B) to CtrA(D). Indeed, calculations based on total solvation energies of isolated and interfacing structure (46) suggest an approximate 4.5 kcal/mol difference in free energy between the two ChpTCtrA interfaces.
Conformational Asymmetry and Dynamics of the ChpT Phosphorylation
Site. The crystal structure of ChpT bound to CtrA raised the question of whether conformational and dynamical asymmetry of the ChpT phosphorylation site (H22) was a genuine feature of this signaling complex. To begin to address this question, we performed molecular dynamics (MD) simulations on our experimental structures of the ChpT dimer (1,800 ns) and the ChpT 2 -CtrA 2 heterotetramer (900 ns) in a fully atomistic system with explicit solvent. These simulations were aimed at testing whether the dynamics of ChpT H22 in the isolated ChpT structure and in the ChpT-CtrA complex are inherently asymmetric across the twofold ChpT dimer axis.
As described above, our crystal structure of ChpT-CtrA revealed two distinct conformations of the ChpT H22. MD simulations show that H22 stably occupies multiple χ 1 /χ 2 rotamer angles on chains A and B, both when bound and unbound to CtrA (Fig. 5D) . When not bound to CtrA, ChpT(A) H22 evinces substantial heterogeneity: Five stable rotameric states are apparent. The rotamer conformations occupied by H22 differ in each ChpT monomer both when bound and not bound to CtrA. These results provide evidence that the significant asymmetry we observe in conformations of ChpT H22 in our complex crystal structure is not an artifact of crystallization, but rather reflects true asymmetry in protein conformational dynamics at this site. We conclude that small differences in side-chain and backbone structure, likely enforced by ChpT-ChpT and ChpT-CtrA interaction at the quaternary level, affect the energy landscape of H22 conformational transitions. This in turn affects the primary rotamer conformations that H22 samples on each side of the ChpT dimer.
Structural and Functional Analysis of ChpT Phosphoryltransfer. The experimental crystal structures of B. abortus ChpT and the 2:2 ChpT-CtrA REC complex provide a foundation for understanding the molecular basis of phosphoryltransfer through the CckAChpT-CtrA-CpdR system. Using these data, we constructed point mutations in components of the pathway to test predictions of our structural models in vitro. We initially tested whether ChpT residues observed to interact with CtrA in our crystal structure are required for the initial phosphotransfer step in this pathway (i.e., CckA to ChpT). In our experimental structure, three residues within the DHp domain of ChpT (N33, E36, and E40) and three residues within the CA domain (K96, R153, and H177) interact extensively with CtrA in the asymmetric ChpT 2 -CtrA 2 complex (Fig. 5B) . We generated and purified ChpT proteins with combinations of alanine mutations in the CtrAinteracting residues of the DHp and CA domains. We then assayed these mutant proteins for their ability to receive phosphoryl groups from equimolar CckA∼P over the course of a 5-min reaction. Neither the ChpT(N33A,E36A,E40A) nor ChpT(K96A,R156A,H177A) triple point mutant proteins exhibited a measurable defect in phosphotransfer with CckA (Fig. 6A) . Although these residues make direct CtrA contact in the crystal structure, our results suggest that this interface is robust to truncation of larger side chains; loss of contact residues permitted near WT levels of phosphotransfer. Alternatively, different residues in ChpT could be required for interaction with CckA-REC and CtrA. We further generated ChpT(N33R), ChpT(E36R), and ChpT(E40R) mutant proteins. Addition of these single, larger, charged residues to the interaction interface reduced phosphotransfer ∼4-10 fold (Fig.  6A) . Defects in phosphotransfer were not a result of a large-scale unfolding or disruption of ChpT structure as assayed by CD spectroscopy of purified ChpT mutant proteins (Fig. S4C) .
We further investigated whether mutations in this region of ChpT are important for phosphotransfer to CtrA and CpdR. Not surprisingly, both the ChpT(N33A,E36A,E40A) and ChpT(K96A, R156A,H177A) mutant proteins exhibited only modest defects in phosphotransfer to both CtrA and CpdR (Fig. 6 B and C) . However, ChpT(N33R), ChpT(E36R), and ChpT(E40R) mutants displayed severe defects in phosphotransfer to CtrA and CpdR; the ChpT(E36R) mutant protein displayed the greatest defect in phosphotransfer as indicated by ∼95% reduction of CtrA∼P and CpdR∼P levels relative to ChpT(WT). Finally, we sought to test the role of an important residue of CtrA/CpdR helix α1 in phosphotransfer with ChpT. Helix α1 residue S15 of CtrA interacts directly with ChpT(A) in our crystal structure (Fig. 5) and is important for HK-receiver interactions in a number of different systems (42, 47, 48) . We substituted CtrA(S15) and the homologous position in CpdR(F16) to arginine and assayed CckA-ChpT-dependent phosphorylation. These mutations resulted in an approximate 50% reduction in the level of CpdR∼P and a ∼90% reduction in CtrA∼P (Fig. 6 B and C) .
To further assay the functional significance of a molecular interaction defined in our crystal structures, we expressed the chpT(E36R) mutant allele in B. abortus cells (Fig. 3) . Although overexpression of WT chpT (chpT ++ ) results in a defect in cell morphology, DNA content, and intracellular survival, overexpression of chpT(E36R) does not have a statistically significant effect on any of these phenotypes (Figs. 3 and 4) . This result is consistent with the inability of chpT(E36R) to facilitate phosphoryltransfer in vitro (Fig. 6) . As a control, we confirmed that WT ChpT and the ChpT(E36R) alleles were expressed at similar levels in the B. abortus cell (Fig. S2D) .
Discussion
Protein phosphorelays regulate many important processes in bacteria, including asymmetric cell division, sporulation, and multicellular development (49, 50) . The conserved CckA-ChpTCtrA-CpdR phosphorelay controls transcription of a diverse set of genes involved in multiple aspects of α-proteobacterial cellular biology (8, 10, 14) . To date, the identities and functions of the genes encoding this pathway in the intracellular pathogen B. abortus had remained largely undefined. We have identified and biochemically reconstituted the complete B. abortus CckAChpT-CtrA-CpdR system in vitro and provide evidence that it comprises an essential and specific phosphorelay that regulates replication, cell division, and survival in the intracellular niche. ChpT is central in this pathway and shuttles phosphoryl groups between the HK CckA and two receiver substrates, CtrA and CpdR. CtrA is a classical DNA-binding response regulator, whereas CpdR is a single domain receiver that regulates steadystate CtrA levels in the cell (Fig. 3) . Our data support a model in which the regulatory topology of this pathway is conserved between B. abortus and C. crescentus, two α-proteobacterial species that inhabit widely different environmental niches and have distinct cellular features.
We have discovered that B. abortus mutants defective in signaling through this pathway have no deficiency in entry into a human macrophage cell line but exhibit reduced intracellular survival over a 48-h timescale (Fig. 4) . This survival defect is specific to the intracellular niche because expression of conditional ctrA(V148F), chpT ++ , and cpdR(D52A) ++ alleles that strongly perturb the phosphorelay does not result in cell death in axenic culture (Fig. 4D) . This result raises the question of what specific genes are under transcriptional control of the CckAChpT-CtrA-CpdR system, and which of these genes are required for survival of B. abortus inside mammalian cells. A previous study has identified a CtrA binding site in front of the cell division protein ftsE (15) , which is consistent with observed cell division defects. However, there are certainly other direct targets of this essential response regulator, many of which are likely to be important for the intracellular lifestyle of B. abortus. Like the PhoPQ two-component system of Salmonella, this phosphorelay may control cell surface remodeling during infection, which is known to be important for intracellular survival (51) .
The transcriptional output of conserved phosphorelays like the CckA-ChpT-CtrA-CpdR system (14) or more simple, archetypal two-component systems like FixL-FixJ (52) are often tailored to the unique physiologies of the species in which they are encoded. We note that consensus CtrA binding sites, based on published B. abortus CtrA targets (15) , are present in front of several known B. abortus virulence factors including superoxide dismutase (sodC) and flagellar regulatory gene ftcR (53, 54) . Defining genes in the Brucella CtrA regulon that uniquely control its function as a facultative intracellular pathogen is an important area of future investigation.
The structure of ChpT is related to classic HKs and is distinct from phosphotransferase proteins like Ypd1, which lack a CAlike domain (44) . It is likely that ChpT arose through HK gene duplication and subsequently evolved to function solely as a phosphotransferase. Indeed, the ChpT CA domain does not bind ATP, supporting a model in which ChpT structure and function have diverged from an ancestral HK (32) . This raises the question of what function ChpT-CA plays if it does not bind nucleotide. It is possible that the ChpT-CA domain is conserved because it has an important structural role in binding to receiver domain substrates. Certainly, the crystal structure of ChpT bound to CtrA REC reveals several direct interactions between CtrA REC and ChpT-CA ( Fig. 5 and Fig. S5 B, C, and D) that are related to those in structurally defined HK-REC systems (42) . The ChpT-CA domain may simply enhance stability of ChpT-REC complexes and facilitate efficient phosphotransfer. Alternatively, ChpT-CA may confer additional regulatory capacity on the system. For example, the binding of different nucleotide forms by the CA domain can modulate both kinase and phosphatase activities of HKs (18, 55, 56) . Although ChpT does not bind ATP, there may be other small molecule ligands that can serve to regulate interaction of ChpT with its receiver substrates. The clear presence of a glycerol molecule in the electron density maps of the ChpT-CA binding pocket (Fig. S5A) demonstrates that CA has the capacity to accommodate small molecules and suggests that small-molecule binding to ChpT-CA could allow for the integration of additional signals into this important pathway.
The experimental structure of the ChpT-CtrA heterotetramer revealed three residues in the DHp-like domain (N33, E36, and E40) and three residues in the CA-like domain of ChpT (K96, R153, and H177) that interact with CtrA on each half of the ChpT homodimer (Fig. 5B) . These ChpT residues correspond to the so-called specificity residues that govern specific HK-to-response regulator (RR) phosphoryltransfer (48, 57) . Our structure thus provides evidence that the ChpT phosphotransferase interacts with its cognate substrates in a manner that is structurally similar to classic HK-RR interactions. Alanine mutagenesis showed that the ChpT-RR structural interface is robust to multiple substitutions under the tested in vitro conditions. This result is consistent with mutagenesis studies of the kinases CrdS from Myxococcus xanthus and EnvZ from Escherichia coli, in which substitution of select CrdS and EnvZ specificity residues had minimal impact on phosphoryltransfer to their cognate RRs in vitro (58, 59 ). However, it may be the case that these substitutions affect phosphoryltransfer specificity in vitro or signaling in B. abortus cells.
A notable structural feature reported in this study is asymmetry in the positions of the ChpT phosphorylation site (H22) and the CtrA phosphoryl receiver residue (D51) (Fig. 5 C and  D) . H22 occupies identical rotamer conformations in the structure of ChpT alone but two distinct rotamer conformations on each side of the ChpT homodimer in the 2:2 ChpT-CtrA complex. On one side of the complex, H22 is in line with D51 of CtrA, which is well-positioned to receive a phosphoryl group. On the opposite side of the complex, both H22 and D51 adopt different rotamer conformations and would not be able to undergo phosphotransfer without a large change in H22 and D51 sidechain conformation. The half of the complex that is positioned to undergo phosphotransfer has a larger ChpT-CtrA contact surface than the half that is incompatible with phosphotransfer. These structural data suggest that the ChpT dimer has at least two distinct interaction modes with CtrA substrate: one that is competent to catalyze phosphotransfer and one that buries less ChpT-REC surface area and is structurally incompetent for phosphotransfer. Although the asymmetry of ChpT-CtrA interaction observed in our structure may be a function of embedment in the crystal lattice, long-time-scale MD simulations presented herein support a model in which the histidine phosphorylation sites on each half of the ChpT dimer have distinct structural and dynamical properties, particularly in the context of the 2:2 ChpT-CtrA complex (Fig. 5 B-D and Fig. S5) . Thus, at any instant only one side of the ChpT-CtrA complex may be competent to undergo a His-Asp phosphotransfer reaction. Our structures and simulations do not directly address the effects of adding phosphoryl groups to H22 or D51. The affects of phosphoryl addition to H22 or D51 on protein structure and dynamics are a topic of ongoing investigation.
We note that structural asymmetry has been reported for other HKs. Thus, the structural and dynamical asymmetry we observe across the central twofold axis of the 2:2 ChpT-CtrA heterodimer may reflect a general (but not necessarily universal) feature of twocomponent phosphorelays. Indeed, it is established that the autophosphorylation equilibria of each subunit of dimeric E. coli NtrB differ by nearly two orders of magnitude (60) . The structures of HKs HK853 (34), DesK (61), YF1 (62), VicK (36) , and CpxA (35) adopt different tertiary structures in the frame of the central HK dimer axis. Structures of VicK, YF1, and CpxA in particular show highly asymmetric positioning of the CA domain: One CA is proximal to the site of histidine phosphorylation and the second CA domain is distal. Moreover, recent work on T. maritima HK853 provides structural evidence for asymmetry in the histidine autokinase reaction (63) , even though the ATP-binding CA domains occupy symmetrical positions in the unphosphorylated structure (34) . Although ChpT is not a bona fide HK, our study provides evidence that this protein has retained some structural features common to other two-component His-Asp phosphorelay systems and may thus serve as an excellent model to investigate the structural and dynamical mechanisms that underpin function of these complex regulatory systems.
Materials and Methods
Bacterial Culture and Strain Construction. All strains and primers used in this study are detailed in Tables S3 and S4 . E. coli strains were constructed using routine cloning techniques. All B. abortus strains were maintained and constructed using previously described techniques (64) under biosafety level 3 (BSL3) conditions per Centers for Disease Control and Prevention (CDC) rules and regulations governing the use of select agents. Further details on strain generation and maintenance are provided in Supporting Information.
In Vitro Kinase and Phosphotransfer Assays. Genes encoding proteins to be overexpressed were cloned into pET28a (Novagen), expressed in Rosetta E. coli (DE3), and purified using an N-terminal His 6 -tag. All kinase and phosphotransfer reactions were performed following previously published methods (20, 21, 65) . For complete protocols see Supporting Information. ) after concentration using the following crystallization buffer: 0.1 M Hepes pH 7.0 and 8% (wt/vol) PEG 8000. After mixing 1.5 μL of protein solution and 1.5 μL of crystallization buffer against 500 μL of crystallization buffer in the well, all crystals grew for 7 d and were mounted after soaking for 1 min in crystallization buffer supplemented with 25% (vol/vol) glycerol.
Crystallographic Data Collection, Processing, Phasing, and Refinement. All diffraction data were collected on beamline 21-ID-F (Life Sciences Collaborative Access Team, Advanced Photon Source) and reduced using the HKL 2000 software suite. All structures were solved by molecular replacement in PHENIX (66) using models that were initially based off C. crescentus ChpT (33) . Model building and refinement was conducted using Coot and PHENIX, accessed through the SBGrid consortium (67) . Coordinates of the B. abortus ChpT (PDB ID code 4QPK) and the 2:2 ChpT-CtrA complex (PDB ID code 4QPJ) have been deposited in the Protein Data Bank.
Biophysical Analyses of ChpT Structure. Analyses of ChpT by CD spectroscopy, ITC, and SAXS were performed using previously published methods (59, 68, 69) and are described in detail in Supporting Information. SAXS data on ChpT were collected at the Advanced Photon Source beamline 18-ID (BioCAT).
Molecular Dynamics Simulations. Fully atomistic models of ChpT, CtrA, and the ChpT-CtrA complex were constructed based on the crystallographic data presented in this study. The simulations were run for 1,851, 1,000, and 886 ns, respectively. Further details are provided in Supporting Information.
Imaging and Analysis of Brucella Cells. Before analysis by LM, flow cytometry, and CryoEM, B. abortus cells were fixed following established BSL3 B. abortus protocols at the University of Chicago Ricketts Laboratory. All infection assays using differentiated THP-1 macrophages used an MOI of 100. All results presented are the mean ± SEM. Details of sample preparation and analysis are outlined in Supporting Information.
